Background: TLR4-mediated p38 MAPK and actin cytoskeleton reorganization are important for macrophage phagocytosis. Results: TLR4-induced Eps8 facilitates TLR4-MyD88 interaction, leading to the activation of p38 MAPK, actin polymerization, and the uptake of bacteria in macrophages. Conclusion: Eps8 is critical in innate immunity. Significance: This is the first report to indicate that Eps8 contributes to efficient phagocytosis in macrophages.
Phagocytosis is a phylogenetically conserved process that is critical for innate immunity. In insects, phagocytosis is accomplished by plasmatocytes and granular cells. In mammals, it is mainly achieved by mononuclear phagocytes (monocytes and macrophages) and polymorphonuclear cells (neutrophils) (1, 2) . As neutrophils and monocytes circulate in the blood stream, macrophages reside in tissues, where they serve as sentinels for pathogens. By virtue of a variety of phagocytic receptors, such as Fc ␥ receptors (Fc␥Rs) 3 and complement receptor 3, macrophages can detect the presence of different pathogens in the body (3) . Engagement of these receptors activates a series of intracellular signaling pathways that lead to dynamic and rapid cytoskeletal rearrangements as well as membrane trafficking required for macrophage phagocytosis (3) (4) (5) . In addition to the aforementioned receptors, microbial internalization is usually accompanied by activation of Toll-like receptors (TLRs) that recognize unique pathogen-associated molecular patterns shared by large groups of pathogens (6) , indicating that TLR activation and phagocytosis are functionally linked (7) .
Lipopolysaccharide (LPS) is present in the extracellular membrane of most Gram-negative bacteria. It activates rest macrophages via binding to the CD14-TLR4-MD2 receptor complex. Mounting evidence reveals that LPS-TLR4 interaction is important in promoting the clearance of bacteria by up-regulating the phagocytic activity of macrophages via at least two distinct pathways (8 -11) . One is relayed by myeloid differentiation primary response gene 88 (MyD88)-IRAK4-p38 MAPK, resulting in a secondary up-regulation of scavenger receptors for phagocytic clearance of bacteria (9) .
Another one is conducted by the actin-Cdc42/Rac pathway, in which MyD88 might be dispensable (10) . However, how ligand-bound TLR4 transmits signals to the downstream pathways, such as MyD88-p38 MAPK and actin-Cdc42/Rac, remains to be solved.
Eps8 (EGF receptor pathway substrate number 8) is a cytoplasmic protein that contains several protein-protein interaction modules. It includes a split pleckstrin homology (PH) domain, an Src homology 3 domain, and several proline-rich regions (12, 13) . Eps8 can form a complex with Sos1, Abi1, and the p85 subunit of PI3K, which allows Sos1 to act as a guanine nucleotide exchange factor to activate Rac, leading to actin remodeling in mouse embryonic fibroblasts (14, 15) . In addition, Eps8 associates with IRSp53 to activate Rac, which results in increased cell motility and invasiveness of cancer cells (16) . As an actin barbed end (or plus end)-capping protein, Eps8 can also control actin-based motility (17) and regulate the apical morphogenesis of intestinal cells of Caenorhabditis elegans (18) . In addition to these functions, Eps8 is important in mitogenesis because its aberrant expression in cells not only increases proliferation in response to epidermal growth factor (EGF) (19) but also causes normal cells to become transformed (12) . In addition to EGF receptor, Eps8 is also a substrate of Src tyrosine kinase (20) and is involved in Src-mediated transformation (21, 22) . The enzymatic activity of Src positively regulates not only the expression of Eps8 (20, 21) but also the interaction between Eps8 and IRSp53, leading to the activation of Stat3 in Src-transformed cells (23) .
To date, studies concerning the function and regulation of Eps8 are mostly limited to fibroblasts and epithelial cells, whereas its role in the macrophage-related innate immunity has not been addressed. Because LPS induces Src expression and activation in macrophages (24) and Eps8 is a regulator of actin cytoskeleton, we wonder whether Eps8 might participate in LPS/TLR4-mediated phagocytosis. In this study, we first demonstrated that the induction of Src and Eps8 in LPS-treated peritoneal macrophages (PEMs) was TLR4-and MyD88-dependent. Second, we proved that Eps8 associated with TLR4 and regulated TLR4-MyD88 interaction in the presence of LPS. Third, our study revealed that Eps8 participated in cell spreading, membrane ruffling, and p38 MAPK activation in LPS-stimulated macrophages, leading to increased phagocytosis. Last, we demonstrated that Eps8 was a critical player in bacterium killing in macrophages. These results for the first time disclosed the importance of Eps8 in LPS-stimulated TLR4-MyD88 signaling and the role of Eps8 in macrophages.
EXPERIMENTAL PROCEDURES
Reagents and Antibodies-LPS purified from Escherichia coli serotype 0111:B4 was obtained from Sigma. The primary antibodies used were actin and FAK (Upstate); Pi-Y397 and Pi-Y861 FAK (BIOSOURCE International); Pi-ERK1/2, Pi-JNK, Pi-p38 MAPK, and Pi-Y416 Src (Cell Signaling Technology); Eps8 (BD Transduction Laboratories; Santa Cruz Biotechnology, Inc.); p38 MAPK and TLR4 (Santa Cruz Biotechnology, Inc.); and MyD88 (R&D Systems). The mouse ascites containing monoclonal anti-Src (peptide 2-17) produced by the hybridoma (CRL-2651) was obtained from the American Type Culture Collection (ATCC). Rabbit antiserum against N-terminal p97
Eps8 (N-Eps8) was raised against a GST-Eps8 bacterially expressed fusion protein containing murine p97 Eps8 residues 121-226.
Bacterial Strain-To generate green fluorescence protein (GFP)-expressing E. coli, DH5␣ strain was transformed with a tetracycline-resistant derivative of pGFPuv (Clontech), pGFPuv-Tc.
Animals-C3H/HeJ, C3H/HeN, and C57BL/6 were purchased from the Jackson Laboratory (Bar Harbor, ME) and were used at 10 -14 weeks of age. MyD88 null mice, on a C57BL/6 background, were generated and provided by Dr. R. Medzhitov (Yale University) (25) . Rats (Sprague-Dawley) were utilized to prepare PEMs (26) . All experiments using laboratory animals were done in accordance with guidelines of the National Cheng Kung University and the China Medical University.
Cell Culture and Collection of PEMs or Bone Marrow-derived Macrophages (BMDMs)-The murine macrophage cell line, RAW264.7 (ATCC), was cultured and propagated in RPMI 1640 medium supplemented with 10% fetal calf serum (FCS; HyClone, Logan, UT) and 2 mM L-glutamine at 37°C in a humidified atmosphere of 5% CO 2 and air. PEMs were collected by peritoneal lavage from rats (Sprague-Dawley) that had been given an intraperitoneal injection of LPS (1 mg/kg) for 24 h (26) or from mice (C3H/HeJ and C3H/HeN) that had been given an intraperitoneal injection of 1 ml of thioglycollate broth for 4 days. The PEMs were washed with Ca 2ϩ -and Mg
2ϩ
-free phosphate-buffered saline (PBS) and plated in FCS-containing RPMI medium overnight. Then the cells were washed with medium to remove non-adherent cells. BMDMs were collected from wild type and MyD88 null mice and differentiated as described previously (27) .
Generation of Macrophages Expressing Nonspecific siRNA, src siRNA, fak siRNA, luciferase siRNA, eps8 siRNA, myd88 siRNA, or 261-p97
Eps8
-The generation of RAW264.7-based control (Ctrl; expressing nonspecific siRNA), Src-attenuated (siRNA) cells and Src-attenuated cells expressing ectopic Src (siRNA-1/Src6, siRNA-1/Src15) (24) or FAK-attenuated cells (27) was described previously. To generate cells expressing eps8 siRNA (siEps8-346) or myd88 siRNA (siMyD88), RAW264.7 macrophages were transfected with either plasmid pS-meps8-346 (targeted sequence, 5Ј-AACACAGCTCAAGAACA-AGTG-3Ј) or pLKO.1-mmyd88 (puro) (targeted sequence, 5Ј-GCCAGCGAGCTAATTGAGAAA-3Ј) by the Lipofectamine Plus method (Invitrogen) followed by hygromycin or puromycin selection. To generate RAW264.7 cells expressing vector alone and 261-p97 Eps8 (261), plasmids pBabe and pBabeeps8(261) (12) were individually transfected into cells by the Lipofectamine Plus method and selected by puromycin.
To generate PEMs transiently expressing luciferase siRNA or eps8 siRNA-503, PEMs (1 ϫ 10 6 ) prepared from C57BL/6 mice were infected with lentivirus whose RNA encodes luciferase siRNA (targeted sequence, 5Ј-CTTCGAAATGTCCGTTCG-GTT-3Ј) or eps8 siRNA (targeted sequence, 5Ј-CGGA-ATAAGAAAGCTGAAGTT-3Ј).
Lysate Preparation and Immunoblot Analysis-Cells were lysed in modified radioimmune precipitation assay buffers as described previously (28), and protein concentration was deter-mined by a BCA protein concentration determination assay (Bio-Rad). Immunoblot analysis was carried out as described previously (21) .
Phagocytosis-For each experiment, the GFP-expressing E. coli was grown up from a single colony in ampicillin-containing Luria-Bertani (LB) broth overnight. After centrifugation and washed with PBS, GFP-E. coli was resuspended in RPMI medium at the appropriate concentration without serum and antibiotics. PEMs or RAW264.7 cells (5 ϫ 10 5 ) were pretreated with PBS or LPS (100 ng/ml), followed by incubation with GFP-E. coli at a multiplicity of infection (MOI) of 10 at 37°C for 1 h. Cells were then washed with cold PBS at least three times and analyzed by the FACSCalibur flow cytometry system (BD Biosciences). For uptake of latex beads, RAW264.7 cells were cultured on glass coverslips overnight. Unless indicated, cells were loaded with Amine-modified fluorescent red latex beads (Sigma) and incubated at 37°C for 1 h. Cells were then thoroughly washed with cold PBS, fixed with methanol, and counterstained with Giemsa stain (modified solution) (Sigma). The uptake of fluorescent latex beads was enumerated under a fluorescence microscope. Three random fields in each coverglass were examined. The phagocytosis index was calculated as the number of ingested beads within 100 cells.
Confocal Microscopy-For confocal microscopic analysis of Eps8 and TLR4 in phagosomes, RAW264.7 cells were cultured on a glass coverslip overnight, incubated without or with LPScoated latex beads (2-m diameter; Invitrogen) in serum-free RPMI 1640 medium for 10 min at 37°C under atmospheric conditions of 5% CO 2 . Cells were then washed with PBS, fixed with 4% paraformaldehyde for 15 min, permeabilized with 0.1% Triton X-100 for 5 min, and immunostained with primary monoclonal antibodies against Eps8 and TLR4, followed by the incubation of appropriately labeled secondary antibodies. Confocal analysis was carried out with the Leica TCS SP2 confocal imaging system.
Bacterial Killing Assay-Equal numbers (5 ϫ 10 5 ) of PEMs or RAW264.7 cells were incubated with GFP-E. coli at an MOI of 100 at 37°C for 10 min, followed by 10-min gentamicin (100 g/ml) treatment. After thoroughly washed with PBS, the cells were cultured in normal medium for 0, 0.5, 1, and 1.5 h before they were lysed in 1 ml of ice-cold distilled water. Then the number of viable bacteria inside the solution was enumerated by counting the number of colony-forming units (cfu) in LB agar plates.
Statistical Analysis-Each experiment was performed at least three times in triplicate. Unless indicated, the results were presented as means Ϯ S.E. The significance of difference was assessed by Student's t test. Bonferronic correction was used for controlling type I error in multiple comparisons.
RESULTS

LPS-induced Src Is TLR4-dependent and Plays Important Roles in Regulating Macrophage
Phagocytosis-Increasing evidence has revealed the importance of TLRs in promoting the clearance of bacteria by augmenting the phagocytic activity of macrophages. Given that LPS-induced Src expression and activity was iNOS-dependent (24), we wondered whether Src enhancement was TLR4-dependent and was involved in the process of macrophage phagocytosis. To corroborate the role of TLR4 in this process, PEMs from C3H/HeN and C3H/HeJ mice, which express wild type and defective TLR4, respectively (29) , were used. To monitor phagocytosis, GFP-expressing E. coli and fluorescent red-conjugated latex beads were utilized in this study. The experiment was carried out in serum-free medium to eliminate interference by the Fc and complement receptors. Although low basal uptake of bacteria (Fig. 1A) or latex beads (Fig. 1B) was observed in C3H/HeN and C3H/HeJ PEMs without LPS stimulation, LPS-mediated phagocytosis was greatly suppressed in C3H/HeJ PEMs as compared with that in C3H/HeN PEMs (Fig. 1, A and B) . Concurrently, reduced LPS-elicited Src expression and activation (as reflected by Src Pi-Y416 and FAK Pi-Y861) were detected in C3H/HeJ PEMs relative to C3H/HeN PEMs (Fig. 1C) , indicating the involvement of TLR4 in these LPS-mediated effects. Of note, LPS did not significantly alter the expression of myeloid Src family kinases (i.e. Lyn, Hck, and Fgr) in both C3H/HeN and C3H/HeJ PEMs (Fig. 1C) .
The simultaneously increased Src expression and phagocytosis in LPS-treated C3H/HeN PEMs suggested the involvement of Src in LPS-evoked phagocytosis. Here, the ability of RAW264.7 (RAW) cells and their derived Ctrl, Src-attenuated (siRNA-1), and Src-attenuated cells with ectopic Src (siRNA-1/Src6, siRNA-1/Src15) to phagocytose GFP-E. coli or latex beads after LPS stimulation was determined. Src attenuation impaired LPS-evoked phagocytosis and FAK Pi-Y861, which could be rescued by ectopic Src (Fig. 2) . By contrast, knockdown of Lyn (a member of myeloid Src family kinases) did not affect these LPS-triggered events (data not shown).
Taken together, this evidence shows that Src plays an important role in LPS-stimulated phagocytosis.
Concomitant Up-regulation of p97 Eps8 and Src in LPS-stimulated Macrophages-Considered the expression and phosphorylation of p97
Eps8 can be mediated by Src activation in murine fibroblasts (21) ; therefore, its role in the LPS-induced, Src-dependent phagocytosis was determined. As shown in Fig Eps8 and p68 Eps8 were observed in fibroblasts (20) , the former was the major Eps8 isoform detected in RAW cells regardless of LPS stimulation. Thus, p97
Eps8 is referred to here as Eps8. Markedly, Src attenuation inhibited LPS-induced Eps8 expression ( Fig.  2A) . The presence of Eps8 in PEMs from LPS-challenged rats but not in the control rats (Fig. 3A, right) further excluded the possibility that LPS-induced Eps8 was an in vitro artifact. Like Src, LPSmediated Eps8 induction was TLR4-dependent in murine PEMs (Fig. 1C) . Based on these results, we corroborated that LPS-elevated Eps8 expression was a bona fide physiological event.
Attenuation of Eps8 Reduces LPS-stimulated Src Activation, FAK Pi-Y861, Actin Polymerization, and Phagocytosis-Actin cytoskeleton reorganization is required for phagocytosis. However, the underlying mechanism of TLR-mediated actin polymerization was not fully revealed. As an actin-capping protein and a Rac activator, Eps8 might participate in LPS-stimulated actin polymerization and contribute to macrophage phagocytosis. In order to prove this hypothesis, RAW cells stably expressing either nonspecific siRNA (Ctrl) (20) or eps8-specific Eps8 Contributes to Macrophage Phagocytosis siRNA (siEps8-346; supplemental Fig. S1A ) were generated. Attenuation of Eps8 hampered LPS-induced Src Pi-Y416 and FAK Pi-Y861 (Fig. 3B) , cell spreading and membrane ruffling (supplemental Fig. S2) , and also the uptake of either GFP-E. coli (Fig. 3C ) or latex beads (supplemental Fig. S1B ). Similar results were observed in RAW cells stably expressing different eps8 siRNAs (i.e. siEps8-503 and -1843; supplemental Fig. S1C ) and in murine PEMs infected by lentivirus encoding eps8 siRNA-503 (Fig. 3D) . These findings revealed that Eps8 was important for the LPS-induced actin cytoskeleton reorganization and phagocytic activity. Interestingly, disruption of actin polymerization by cytochalasin B (an actin polymerization inhibitor) markedly reduced LPS-stimulated phagocytosis of GFP-E. coli (Fig. 4A ) and Eps8 expression but not the expression and activity of Src (Fig. 4B) , indicating that the actin cytoskeleton itself also contributes to LPS-induced Eps8 expression.
FAK Is Required for LPS-induced Eps8 and Macrophage Phagocytosis-Focal adhesions provide structural tethers linking the actin cytoskeleton to the extracellular matrix, which regulates a variety of cellular processes, including phagocytosis (30) . As a critical protein in focal adhesion, FAK has been implicated in integrin-mediated macrophage phagocytosis of Yersinia pseudotuberculosis (31) . Given that Eps8 expression was affected by the dynamic of the actin cytoskeleton and that Src knockdown concomitantly reduced FAK Pi-Y861 and phagocytosis mediated by LPS, the role of FAK in LPS-elicited phagocytosis was determined. Attenuation of FAK by stably expressing fak siRNAs targeting different fak sequences (i.e. fak siRNA-1 and -2) diminished not only the expression of Eps8 but also the uptake of GFP-E. coli in LPS-treated RAW cells (Fig. 5) . Thus, in addition to Src, FAK acted upstream of Eps8 in LPSinduced phagocytosis.
Eps8 Knockdown Impairs LPS-induced TLR4-MyD88 Complex Formation in Macrophages-TLR4-MyD88 interaction is required for phagocytosis mediated by LPS. Confocal immunofluorescence microscopy revealed that Eps8 was co-localized with TLR4 in the cytosol and around the engulfed LPS-coated latex beads within RAW cells (Fig. 6A) . The co-presence of Eps8 and TLR4 in the same immunocomplex was detected in the lysates of untreated RAW cells (Fig. 6B) . Intriguingly, 24-h LPS treatment increased Eps8-TLR4 complex formation, which might be partly attributable to elevated expression of Eps8 and TLR4 (Fig. 6B) . Notably, like TLR4, Eps8 also associated with MyD88 in the LPS-treated macrophages (Fig. 6B) , suggesting that Eps8, TLR4, and Myd88 might form a complex and that Eps8 might also modulate the interaction between TLR4 and MyD88. Indeed, Eps8 attenuation dramatically reduced LPS-evoked TLR4-MyD88 complex formation, albeit the expression of TLR4 and MyD88 was not affected (Fig. 6C) . Remarkably, knockdown of MyD88 decreased LPS-induced Eps8 overexpression and the following Eps8-TLR4 association (Fig. 6D) . The failure of Eps8 induction in LPS-treated MyD88 knock-out BMDMs further supported the indispensability of TLR4-MyD88 to elevate Eps8 expression in macrophages exposed to LPS (Fig. 6E) .
PH-truncated 261-p97 Eps8 Inhibits LPS-induced TLR4-MyD88 Complex Formation, Src Pi-Y416, FAK Pi-Y861, and Phagocytosis in Macrophages-Because PH-truncated 261-p97
Eps8 contains the domain for actin cytoskeleton organiza- Then either these cells were lysed and their lysates were Western immunoblotted with antibodies as indicated (A), or they were incubated with GFP-E. coli (B) or latex beads (C) at 37°C for 1 h. The uptake of E. coli by macrophages was assayed by FACS analysis (B), whereas the uptake of latex beads by macrophages was determined by a fluorescence microscope (C). The phagocytosis index was calculated as the number of ingested beads in 100 cells. The experiment was performed at least three times in triplicate. The results were means Ϯ S.E. ***, p Ͻ 0.001.
FIGURE 3. LPS-induced Eps8 increases the phagocytic activity of macrophages.
A, RAW264.7 cells treated without or with LPS (100 ng/ml) for 24 and 48 h (left). Age-matched rats were intraperitoneally administered with sterile PBS (Ϫ) or LPS (1 mg/kg), and their PEMs were collected after 24 h (right). Total lysates (100 g) from each sample were Western immunoblotted with antibodies as indicated. B, RAW, Ctrl, and Eps8-attenuated (siEps8-346-1 and -2) cells were stimulated without or with LPS (100 ng/ml) for 24 and 48 h. Then either these cells were lysed and their lysates were Western immunoblotted with antibodies as indicated (B), or they were incubated with GFP-E. coli (C) at 37°C for 1 h to determine their ability to phagocytose E. coli. D, PEMs (1 ϫ 10 6 cells) from C57BL/6 mice were infected with lentivirus (MOI ϭ 3) encoding luciferase siRNA (Ctrl) or eps8 siRNA (siEps8-503). After 2 days, PEMs were stimulated without (Ϫ) or with LPS (100 ng/ml) for 24 h. Then either PEMs were lysed and the lysates (100 g) were Western immunoblotted with antibodies as indicated (left), or they were incubated with GFP-E. coli at 37°C for 1 h to determine their ability to uptake E. coli (right). The arrow indicates the position of active Src. tion (17) but fails to associate with the plasma membrane (12), its influence on LPS-induced Eps8-TLR4-MyD88 interaction and the following phagocytosis was determined. Overexpression of 261-p97
Eps8 deteriorated the enhancement of Src Pi-Y416 and FAK Pi-Y861 in LPS-treated macrophages (Fig.  7A) . Concurrently, 261-p97
Eps8 appeared to preferentially associate with TLR4 and hamper LPS-triggered TLR4-Eps8 and TLR4-MyD88 interaction (Fig. 6F) as well as the uptake of GFP-E. coli (Fig. 7B ) and latex beads (Fig. 7C ) in RAW cells.
Eps8 Sustains TLR4-mediated Activation of p38 MAPK-Activation of MAPKs is one of the early events observed in LPSexposed macrophages, and p38 MAPK plays a pivotal role in LPS-stimulated phagocytosis (9, 10) . Given that Eps8 facilitated LPS-induced TLR4-MyD88 interaction in macrophages, its participation in TLR4-mediated activation of MAPKs in short term LPS stimulation was investigated. The basal Eps8 expression was low but could be elevated in longer cultured RAW cells, whose Src expression was still not affected ( Fig. 8A ) (data not shown). Along with Eps8 induction, enhanced activation of MAPKs, especially p38 MAPK, in response to LPS stimulation was observed (Fig. 8A) . By contrast, attenuation of Eps8 hindered LPS-elicited activation of p38 MAPK (Fig. 8A) . Interestingly, active p38 MAPK could still be detected in RAW and Ctrl cells after 24-and 48-h LPS stimulation but not in the Eps8- FIGURE 5. Attenuation of FAK inhibits LPS-induced Eps8 expression and the uptake of GFP-E. coli in RAW264.7 cells. Generation of RAW stably expressing nonspecific siRNA (Ctrl) and two different fak siRNAs (fak siRNA-1 and -2) cells was described previously (27) . These cells were stimulated without (Ϫ) or with LPS (100 ng/ml) for 24 h. The cell lysates (100 g) were Western immunoblotted with antibodies as indicated (top), and the amounts of fak, eps8, and src transcript were analyzed by RT-PCR (middle). gapdh was utilized as an internal control for amplification efficiency. In a parallel experiment, these cells were incubated with GFP-E. coli at 37°C for 1 h, followed by FACS analysis to determine their ability to uptake E. coli (bottom).
attenuated cells (siEps8-346-1 and -2; Fig. 3B ). Suppressed p38 MAPK activation also occurred in LPS-stimulated PEMs expressing eps8 siRNA-503 (Fig. 3D ) and RAW cells expressing either fak siRNA (Fig. 5E ) or 261-p97 Eps8 (Fig. 7A) , whose Eps8 expression (Fig. 3E) or Eps8-TLR4 complex formation (Fig. 6F ) was reduced. These findings indicated that Eps8 participated in TLR4-mediated activation of MAPKs, especially p38 MAPK, in macrophages. (32) and FAK associates with Eps8 in colon cancer cells (22) , we were interested to know whether FAK associated with Eps8 and MyD88 in RAW cells. As shown in Fig. 9A , FAK and Eps8 formed a complex in RAW cells. Interestingly, FAK was also associated with MyD88, and this association was not affected by LPS stimulation (Fig. 9B) . PYK2, a FAK-related kinase, is also present in monocytes/ macrophages (32, 33) and has been implicated in cell adhesionmediated interaction with Src in osteoclasts (34) and MyD88-mediated NF-B activation in LPS/PGN-treated macrophages (32) . LPS increases PYK2 Pi-Y402, which is important for regulating PYK2-MyD88 direct interaction and transmits the downstream signaling to activate NF-B (32). We are interested to know whether Eps8 regulates PYK2 Pi-Y402. Attenuation of Eps8 did not affect the level of PYK2 Pi-Y402 in LPS-exposed RAW cells (Fig. 9C) . However, PYK2, like FAK, was detected in the Eps8 immunocomplex (Fig. 9A) . And vice versa, Eps8 was present in the PYK2 immunoprecipitates (Fig. 9D) .
Complex Formation between Eps8 and FAK in RAW CellsBecause C-terminal FAK is capable of directly interacting with MyD88 in vitro
Attenuation of Eps8 Impairs Intracellular Killing of E. coli in Macrophages-Besides bacterial uptake, the involvement of Eps8, Src, and FAK in the regulation of the bacterium-killing ability of macrophages was also investigated. Here, GFP-E. coli were incubated with either non-stimulated cells or LPS-stimulated RAW cells and their derived cells (i.e. Ctrl, eps8 siRNA-346-1, src siRNA-1, src siRNA-1/Src6, and fak siRNA-1) at an MOI of 100 at 37°C for 10 min. After washing with PBS, the infected cells were either directly lysed (0 min) to measure the uptake of bacteria or further cultured for various durations (30, 60 , and 90 min) and then lysed to assess viable bacteria remaining as cfu. As shown in Fig. 10A , knockdown of Eps8 (top), Src (middle), and FAK (bottom) reduced LPS-induced phagocytosis in RAW cells. More than 60% of bacteria were killed in RAW cells and the Ctrl cells within 90 min of incubation. In contrast, only 31, 25, and 20% of bacteria were killed in Eps8-, Src-, and FAK-attenuated cells, respectively. A similar experiment was also applied to PEMs infected by lentivirusencoding eps8 siRNA-503 (siEps8 -503), and impaired bacterial killing activity evoked by LPS was observed (Fig. 10B) . Thus, Eps8, Src, and FAK were in the same axis required for both the uptake and killing of bacteria in macrophages exposed to LPS.
DISCUSSION
Macrophages are major phagocytes of the innate immune system. They are equipped with diverse receptors involved in the recognition and binding of pathogens on the cell surface. These receptors include TLRs, integrins, Fc␥Rs, scavenger receptors and lectins that can recognize and engulf large particles. Phagocytosis is tightly regulated by complex rearrangements of actin cytoskeleton in response to microbial-host cell interaction (4, 35) . Although a great number of actin-regulatory proteins localized to phagocytic uptake structures have been identified (36, 37) , the molecular mechanism by which TLRs elicit signals leading to the activation of these proteins is still unclear. Given that Src is an actin cytoskeleton regulator whose expression and activation can be greatly augmented by long term LPS treatment (24) , its involvement in the elevated phagocytic ability of LPS-primed macrophages is investigated. In this study, we first confirmed the requirement of TLR4 in increased Src expression and activation in macrophages following LPS exposure (Fig. 1) . The importance of Src in phagocytosis was evidenced by its attenuation reduced the uptake of E. coli and latex beads, whereas its re-expression rescued this defect (Fig. 2 ). In contrast, the level of the myeloid Src family kinases was not significantly affected by LPS-TLR4 activation (Fig. 1C) , and knockdown of Lyn did not affect LPS-stimulated bacterial uptake (data not shown).
As a substrate of Src, FAK localizes prominently within focal adhesion and is well documented to play a role in integrinmediated cytoskeleton organization, which is required for many cellular processes, including motility and phagocytosis. In insect hemocytes, antibody-mediated inhibition of Src and FAK has been shown to abolish FAK phosphorylation and phagocytosis of E. coli (38) . In retina, daily ␣v␤5 integrin-dependent phagocytosis of spent photoreceptor outer segment fragments by the retinal pigment epithelium was crucial for retinal function, and FAK was pivotal in this process (39) . Besides, FAK was involved in low affinity Fc␥RII-III-mediated phagocytosis (40) as well as in Yersinia uptake by macrophages (31) . Herein, we demonstrated that FAK was pivotal in LPSelicited phagocytosis. This was supported by the simultaneous increment of Src and FAK Pi-Y861 in LPS-treated macrophages (Figs. 1C and 2A) , and the depletion of FAK impaired LPStriggered uptake of GFP-E. coli (Fig. 5) . Like Src, attenuation of FAK suppressed LPS-mediated Eps8 expression and the uptake of E. coli without affecting the level of eps8 transcript (Fig. 5) , FIGURE 8 . Eps8 promotes LPS-elicited activation of MAPKs in RAW264.7 cells. A, RAW264.7-derived Ctrl and siEps8 -346-1 cells were cultured for 1 or 3 days and treated with LPS (100 ng/ml) for various times (i.e. 0, 15, 30, and 60 min). Lysates (100 g) from these cells were Western immunoblotted with antibodies as indicated. B, a model of the signal transduction pathway of Eps8 in LPS-induced macrophage phagocytosis. The interaction between Eps8 and TLR4 in macrophages without LPS stimulation was rare (early). LPS engagement triggered the association between TLR4 and MyD88 and ignited the activation of Src and FAK in an iNOS-dependent manner. Then Src and FAK enhanced Eps8 expression and increased the portion of Eps8-associated TLR4 (late). Binding of Eps8 subsequently facilitated TLR4 interaction with MyD88. This complex, composed of at least TLR4, Eps8, and MyD88, might specifically promote the activation of p38 MAPK, leading to the expression of scavenger receptors and the enhancement of phagocytosis. In addition, elevated Eps8 might activate p38 MAPK via an uncharacterized but cytochalasin B-sensitive pathway. Finally, Eps8 might modulate actin cytoskeleton organization and facilitate the formation and maturation of phagosomes in LPStreated macrophages. The closed arrows indicate increased activity of the target proteins, whereas the open arrow indicates protein induction. The double arrow indicates the distribution of Eps8 or MyD88 between cytosol and TLR4-containing complexes.
which suggested that Eps8 might be a downstream mediator of FAK in macrophage phagocytosis.
A recent study (41) indicated that the actin-capping activity of Eps8 was essential for dendritic cells to polarize and to form elongated migratory protrusions. However, its role in immunity has not yet been fully defined. Here, we demonstrated that augmented Eps8 expression occurred not only in LPS-treated RAW but also in PEMs recovered from the LPS-challenged rats (Fig. 3A) . This Eps8 overexpression required TLR4 (Fig. 1C) and MyD88 (Fig. 6, D and E) in addition to Src and FAK. Furthermore, Eps8 knockdown markedly inhibited LPS-initiated activation of Src and FAK (as reflected by Src Pi-Y416 and FAK Pi-Y861) (Fig. 3B) and phagocytosis (Fig. 3, C and D) . Thus, the intimate relationship among Src, FAK, and Eps8 observed in fibroblasts and epithelial cells (22) was also present in LPSstimulated macrophages and contributed to the promotion of phagocytosis.
Reduced activity of Src and FAK in Eps8-attenuated RAW cells suggested that Eps8 might directly regulate the activity of both kinases as reported previously (22, 42) . Given that cytochalasin B exerted no effect on the activity of Src and FAK but significantly inhibited LPS-elicited Eps8 expression as well as phagocytosis of GFP-E. coli (Fig. 4) , an alternative pathway must be present in relaying the Eps8-mediated Src/FAK activation. In addition, the expression of Eps8 was not significantly altered in LPS-treated macrophages in response to 2.5 and 10 M cytochalasin B (Fig. 4B) . Therefore, two populations of Eps8 were expected to exist in the cells (i.e. one was cytochalasin B-sensitive, and the other was cytochalasin B-inert). The cytochalasin B-sensitive Eps8 regulated the dynamic of actin filaments that might stabilize Eps8 in return, whereas the cytochalasin B-inert Eps8 seemed to elicit TLR4/MyD88-induced Src, Src Pi-Y416, and FAK Pi-Y861. Consistent with this speculation, co-localization of Eps8 and TLR4 was found in the cytosol and in the phagosome (Fig. 6A) , and their presence in the same immunocomplex in either LPS-untreated or -treated macrophages (Fig. 6B) further suggested that Eps8 might regulate the LPS/TLR4-triggered signal transduction leading to the activation of Src and FAK. Concurrently, Eps8 attenuation not only suppressed its interaction with TLR4 but also reduced the interaction of MyD88 with TLR4 in LPS-primed RAW264.7 cells (Fig. 6C) , indicating that Eps8-TLR4 either facilitated or stabilized the interaction between TLR4 and MyD88. Like Eps8 attenuation, overexpression of 261-p97
Eps8 in RAW cells reduced LPS-evoked complex formation of TLR4-MyD88 (Fig.  6F ) and the following increase of Src Pi-Y416 and FAK Pi-Y861 (Fig. 7A) as well as the uptake of either bacteria (Fig. 7B ) or latex beads (Fig. 7C) . In comparison with Eps8, ectopic 261-p97 Eps8 exhibited stronger interaction with TLR4 and hampered the association between TLR4 and Eps8 (Fig. 6F) . Apparently, the presence of N-terminal PH-containing domain was important for Eps8 in promoting the interaction between TLR4 and MyD88, Src/FAK enzymatic activity, and the uptake of bacteria in LPS-treated macrophages. Of note, the increased survival of bacteria engulfed by Eps8-attenuated macrophages (Fig. 10) further supported the role of Eps8 in relaying activated TLR4-ignited signals for the maturation of phagosomes and eradication of bacteria.
FAK and PYK2 are two closely related kinases. Both were able to form a complex with Eps8 (Fig. 9) . Remarkably, like PYK2 (32), FAK could associate with MyD88 but was not affected by LPS stimulation in RAW cells (Fig. 9B) . It should be noted that autophosphorylation of either FAK Tyr-397 or PYK2 Tyr-402 occurred in the very early phase of LPS stimulation and was not influenced by Eps8 knockdown in RAW cells (Fig. 9) . Hence, Eps8-mediated macrophage phagocytosis was unlikely through either FAK Pi-Y397 or PYK2 Pi-Y402. Because the C terminus of both tyrosine kinases could directly associate with MyD88 in vitro, we cannot rule out the possibility that FAK and/or PYK2 is required for Eps8-mediated TLR4-MyD88 interaction that results in phagocytosis. Further investigation is required to clarify this issue.
Via MyD88 and IRAK4, TLR-mediated activation of p38 MAPK led to the induction of several phagocytic proteins, including scavenger receptors, which were important for macrophage phagocytosis (9) as well as accelerating TLRs-me- diated phagosome maturation (43) . By virtue of increasing TLR4-MyD88 interaction, Eps8 specifically relayed a signal to activate p38 MAPK and promote phagocytosis. This was evidenced by the decrement of LPS-induced activation of p38 MAPK caused by Eps8 depletion (Figs. 3B and 8A ) and the expression of 261-p97 Eps8 (Fig. 7A ). Attenuation of Src ( Fig. 2A ) or FAK (Fig. 5 ) also suppressed LPS-triggered activation of p38 MAPK, which further supported the importance of Eps8 in positively regulating the TLR4-MyD88-p38MAPK pathway. Due to engagement of various TLRs that activated Src and FAK (27) and increased Eps8 expression (data not shown), Eps8 was speculated to participate in phagocytosis mediated by TLRs other than TLR4.
Taken together with all of the results, a model is proposed and described in Fig. 8B . As depicted in this model, Eps8-TLR4 interaction is rare under normal physiological conditions. In the early phase, LPS engagement triggers the association between TLR4 homodimers (11) and MyD88 and subsequently initiates the activation of Src and FAK in an iNOS-dependent manner (27) . Then Src and FAK enhance Eps8 expression and increase the portion of TLR4 associated with Eps8. Binding of Eps8 may alter the conformation of TLR4 and expose its Toll/ IL-1 receptor domain for TLR4-TLR4 dimerization and the binding of Toll/IL-1 receptor domain-containing adaptor proteins, such as MyD88 (44) . Alternatively, via interaction with FAK (and/or PYK2), elevated Eps8 pulls TLR4 and MyD88 together. Then the complex, composed of TLR4, Eps8, FAK, and MyD88, activates p38 MAPK and promotes phagocytosis. On the other hand, overexpression of PH-truncated 261-p97
Eps8 may inhibit this complex formation. In addition, attenuation of either Src or FAK reduced Eps8 expression and p38 MAPK activity in LPS-treated RAW cells. Notably, by virtue of an uncharacterized mechanism, cytochalasin B-sensitive Eps8 could also activate p38 MAPK and phagocytosis in LPS-exposed macrophages. The co-existence of Eps8 and TLR4 in phagosomes suggested that these two proteins might also be directly involved in the formation and maturation of phagosomes that warrant further investigation.
Wiskott-Aldrich syndrome proteins (WASP) and WASP family verprolin-homologous protein (WAVE) family proteins are scaffolds that regulate reorganization of the actin cytoskeleton in response to extracellular stimuli (45) . All of the WASP (i.e. WASP and N-WASP) and WAVE family members (i.e. WAVE1, -2, and -3) have a verprolin homology, cofilin homology, acidic (VCA) module at their C terminus through which Arp2/3 complex is activated to nucleate actin polymerization (45) . As compared with their family members, WASP and WAVE2 are predominantly expressed in macrophages (46, 47) . Whereas WASP is required for ␤1 integrin-mediated actin reorganization during phagocytosis of pathogens (48), WAVE2 is indispensable for mobilization that needs the participation of Abi1 and IRSp53 in CSF-1-stimulated macrophages (47, 49) . Interestingly, to date, no paper concerning the role of WAVE2 in macrophage phagocytosis has been published. Given that Abi1 and IRSp53 are the interacting partners of Eps8 and that Eps8 is involved in LPS-mediated phagocytosis, these findings without doubt open a new area of investigation regarding the contribution of WAVE2 in phagocytosis. Furthermore, how Eps8 cooperates with its modulators to alter cytoskeleton and achieve phagocytosis will also require further studies.
In conclusion, our study showed that Src and its interacting partner Eps8 were induced in LPS-treated macrophages. This induction facilitated TLR4/MyD88-mediated activation of Src, FAK, and p38 MAPK that led to the increased phagocytic activity and bacterial killing effect of macrophages. Our data revealed previously unrecognized roles of Eps8 in macrophage physiology and provided a potential therapeutic target for treatment of a spectrum of inflammatory and infectious diseases.
